ABSTRACT We used correlation methods to detect and quantify interactions between paxillin and focal adhesion kinase (FAK) in migrating cells. Cross-correlation raster-scan image correlation spectroscopy revealed that wild-type paxillin and the phosphorylation-inhibiting paxillin mutant Y31F-Y118F do not interact with FAK in the cytosol but a phosphomimetic mutant of paxillin, Y31E-Y118E, does. By extending cross-correlation number and brightness analysis to the total internal reflection fluorescence modality, we were able to show that tetramers of paxillin and FAK form complexes in nascent adhesions with a 1:1 stoichiometry ratio. The phosphomimetic mutations on paxillin increase the size of the complex and the assembly rate of nascent adhesions, suggesting that the physical molecular aggregation of paxillin and FAK regulates adhesion formation. In contrast, when phosphorylation is inhibited, the interaction decreases and the adhesions tend to elongate rather than turn over. These direct in vivo data show that the phosphorylation of paxillin is specific to adhesions and leads to localized complex formation with FAK to regulate the dynamics of nascent adhesions.
INTRODUCTION
Adhesion is central to cell migration (1, 2) . Cells generate protrusions in the direction of migration, and these extensions adhere to the substratum via adhesions that serve both as traction points over which the cells move and signaling centers that regulate migration (3) (4) (5) . The adhesions initially form as small, punctate structures, called nascent adhesions, in the lamellipodium at a rate that correlates with the protrusion rate with which it is mechanistically coupled (6, 7) . At the boundary of the lamellipodium and lamellum, these adhesions either disassemble (turn over) or mature into larger, elongated adhesions. The maturation is mediated by actin-a-actinin-myosin-II crosslinking (6) and the contractile machinery (8, 9) . The coupled relationship between protrusion and adhesion formation and maturation is orchestrated by the polymerization and organization of actin, which in turn are regulated by signaling events mediated by the adhesions in protrusions. These signals converge on the Rho guanosine triphosphatases (GTPases), which control both protrusion and adhesion assembly and maturation near the leading edge (10) .
The adhesions themselves are comprised of structural proteins that link integrin receptors to the actin cytoskeleton as well as numerous signaling molecules (1, 11) . Many of these molecules are proposed to interact with one another to form an integrated mechanical and biochemical network that regulates the component processes of migration, including polarization, protrusion, contractility, and adhesion (12) (13) (14) . These molecular associations are generally inferred from in vitro assays (e.g., the coimmunoprecipitation assay). However, few have been verified in vivo, and associations in the transient, nascent adhesions that drive protrusion are unknown.
Paxillin and focal adhesion kinase (FAK) reside in nascent adhesions. They serve as phosphorylation-dependent signaling scaffolds that recruit proteins that regulate the activity of Rac and Rho, two Rho family GTPases that regulate adhesion and protrusion (15, 16) . Upon ligation of integrin, both paxillin and FAK are phosphorylated and thereby activated (17) (18) (19) (20) . For example, paxillin phosphorylation on Y31, Y119, or S273 results in robust protrusion and assembly of adhesions in the protrusions, whereas unphosphorylated paxillin suppresses protrusion and produces stable adhesions (21) (22) (23) . In addition, lack of FAK or mutation of its phosphorylation site inhibits adhesion disassembly (14, 24) . Of interest, paxillin and FAK coimmunoprecipitate with an affinity that is thought to be modulated by paxillin phosphorylation at positions Y31 and Y118, and this interaction is implicated in the regulation of adhesion dynamics and protrusion (23) . However, whether paxillin and FAK interact similarly in living cells and form a complex that regulates protrusion and the assembly and turnover of nascent adhesions remains to be determined.
Thus, there is a need to detect and quantify protein interactions at high spatial and temporal resolution for small, transient nascent adhesions in living cells. Fluorescence resonance energy transfer (FRET), in which an excited, donor fluorophore transfers energy to an acceptor fluorophore on a putative interacting protein, is a useful approach because it measures protein-protein proximity and thus can be used to analyze interactions in living cells (25) . However, FRET can be challenging because the fluorescence changes are relatively small, it requires careful placement of fluorescent probes (<9 nm between the binding partners), and it can occur between neighbors that are not physically interacting. Because of the smallness of the FRET changes, signals must accumulate for relatively long periods of time and over large areas before they can be detected.
Fluorescence cross-correlation spectroscopy (FCCS), which relies on the coupled fluctuations of two differentcolored fluorescent molecules moving in and out of the illumination beam (26) , provides another approach. Like FRET, it does not reveal direct binding; rather, it shows that two different molecules reside in a common, physical complex. One FCS modality, cross-correlation raster-scan image correlation spectroscopy (ccRICS), exploits the multiple time regimes of laser-scanning confocal microscopy to measure the codiffusion of proteins in the cytosol (27) . It detects complexes of two different proteins in regions of interest by temporally cross-correlating their fluorescence fluctuations; however, ccRICS does not produce pixelresolution measurements. Cross-correlation number and brightness (ccN&B) analysis is another correlation approach. It analyzes the variance in the simultaneous fluorescence intensity fluctuations of two distinct proteins to determine whether the proteins reside in a common molecular complex (28) . However, the use of this modality with laser scanning confocal microscopy (LSCM), as originally described, is not optimal for imaging highly transient, subresolution structures (e.g., nascent adhesions) at the substratum level.
In this study, we performed ccN&B and ccRICS analyses to determine whether paxillin and FAK form complexes in and around nascent adhesions, and whether paxillin phosphorylation on Y31-Y118 modulates the affinity of FAK and paxillin and the size of the complexes. To obtain measurements directly in living cells, we adapted the twocolor ccN&B technique for use with total internal reflection fluorescence (TIRF) microscopy using a high-speed, electron-multiplied, charge-coupled device (EMCCD). With this method, we were able to quantify paxillin-FAK interactions in nascent adhesions at high spatial (pixel) and temporal (seconds) resolution. We also investigated whether paxillin and FAK enter nascent adhesions as a complex, as suggested by the observation that paxillin and FAK accumulate in nascent adhesions at comparable rates, by using ccRICS to measure their interactions in the surrounding cytosol.
Using cells expressing GFP-tagged paxillin and mCherrytagged FAK in the TIRF ccN&B analyses, we found that wild-type paxillin and FAK reside in complexes within nascent adhesions. Furthermore, their association is enhanced by phosphomimetic paxillin (Y31E-Y118E), which also increases the adhesion assembly rate, and is decreased by a nonphosphorylatable paxillin mutant (Y31F-Y118F). Of interest, the ccRICS measurements show that the wildtype proteins do not interact detectably in the cytosol unless paxillin is phosphorylated. Taken together, these measurements reveal that paxillin and FAK enter nascent adhesions as discrete entities and form dynamic molecular complexes within adhesions. Phosphorylation on Y31-Y118, as well as on other sites or intervening molecules, regulates the formation and size of the complexes.
MATERIALS AND METHODS

Cell culture and plasmids
Chinese hamster ovary (CHO.K1) cells were cultured and transfected as described previously (6) . Modest overexpression of fluorophore-tagged adhesion molecules does not change the organization or dynamics of adhesion, and the phenotypes are comparable to wild-type cells (6, 14, 22, 29) . Protein degradation, as checked by Western blots, was minimal. EGFP and mCherry-tagged adhesion molecules were previously used for fluctuation analyses without detectable complications due to protein maturation (27, 28, (30) (31) (32) 
Microscopy
TIRF microscopy TIRF images were acquired using an Olympus IX71 microscope with a 1.45 numerical aperture (N.A.), PlanApo 100Â TIRFM oil objective, Ludl controller (Ludl Electronic Products, Hawthorne, NY), and Metamorph software (Molecular Devices, Downingtown, PA). GFP and mCherry were excited via the 488 nm and 568 nm lines of an Ar-Kr laser (Melles Griot, Albuquerque, NM), respectively. The laser powers were modulated by an acousto-optical tunable filter unit with a digitized power readout for accurate control (LSM Technologies, Etters, PA). For simultaneous two-color imaging, a polychroic mirror (Z488/568rpc), dual emission filter (Z488/568m; Chroma Technology, Bellows Falls, VT), and Dual-View imaging system (Photometrics, Tucson, AZ) were installed. The pixel-resolution color alignment between the GFP and mCherry channels was checked with the use of 200 nm TetraSpeck microspheres (Invitrogen). All micrographs were acquired with the Cascade 512B EMCCD camera (Photometrics) in nonoverlapping streaming acquisition mode at 100 ms. Electron multiplication gain was used at the maximum setting for highest sensitivity.
LSCM
Confocal images were acquired using an Olympus FV1000 microscope (Olympus, Tokyo, Japan) with a 1.2 N.A. PlanApo 60Â water objective. The pixel scan speed was 12.5 ms and the electronic zoom was set to 16.3, which corresponds to a resolution of 0.05 mm/pixel. The line-scan time was 4.325 ms and the frame time was 1.15 s. EGFP and mCherry were excited by 488 nm (0.1%) and 543 nm (6%) laser lines, respectively. When set at maximum, the lasers were 0.03 mW (488) and 0.01 mW (543) at the sample. Data were collected in the hybrid photon counting mode of the FV1000 system as described in a previous ccRICS study (27) . When this mode is activated, the instrument measures single photon counts when the photon flux is low enough that single photon events can be separated. When the photon flux is very high, the average current is measured, but the two regimes (single photon and multiple photons) are matched so that they appear as a continuous Biophysical Journal 100(3) 583-592 scale. Emission filters with bandwidths of 505-525 nm and 590-690 nm were used. The overlap of the two-color observation volumes was determined by imaging 100 nm TetraSpeck microspheres (27) .
Two-color ccN&B and ccRICS analyses
We analyzed the cross-variance and cross-correlation of the acquired images using SimFCS software (Laboratory of Fluorescence Dynamics, University of California, Irvine, CA). Slow fluctuations due to photobleaching and macrostructural movement were removed from the calculation via a moving average (MAV) algorithm as described previously (27, 28) . In this study, MAVs of 150 frames (15 s) and 10 frames (11.55 s) were used for ccN&B and ccRICS, respectively.
ccN&B
We analyzed the ccN&B data as described previously (28) (see Supporting Material for basic equations and method). The TIRF ccN&B method developed in this study utilizes an EMCCD camera, which is an analog detection system that collects pulses of photocurrent instead of registering discrete photon counts. The analog-to-digital conversion adds readout noise, variance, and offsets in the detection electronics and introduces error. Thus, these factors are subtracted from the mean intensities and variance, which results in an expression for the brightness of the molecule (B) (30,32):
where s 2 0 is the readout noise variance, S is the analog-to-digital compensation factor, and 3 is the molecular brightness of true fluctuating particles. Experimentally, the corrections are made by determining the offset and s 2 0 from a dark image or a region of the acquired TIRF micrograph where no particle fluctuations are present (i.e., background that contains only shot noise). The brightness of detector noise is zero, which makes B/S ¼ 1 according Eq. 1, and the S parameter is assigned to a value that satisfies this clause. The average brightness 3 (degree of aggregation) is obtained by subtracting one from the B-value. In single-channel 2D histograms, the B/S value for each pixel is plotted versus intensity/S and these axis terms are referred to as B and Intensity, respectively.
The ccN&B analysis measures the average brightness values of mobile particles. These values are relative to the fluorescence brightness of singular species and must be normalized for oligomeric protein complexes. For the normalization we used monomeric GAP-mEGFP and GAP-mCherry, and assigned brightness values of 0.25 and 0.26 for monomeric species in the GFP and mCherry channels, respectively (see Supporting Material). This means, for example, that a pixel in the GFP channel with a corrected brightness of 0.25 contains monomers, whereas another pixel with 0.50 contains, on average, dimers.
The choice of camera exposure time is important because the molecular fluctuations must be sampled in the correct time regime. If the exposure times are too short, the fluctuations will not be captured, and if the exposure times are too long, the fluctuations will average out; both will lead to decreased variance (31) . Proteins such as paxillin that localize in adhesions exhibit exchange kinetics that are slow compared with the rate of cytosolic diffusion (27, 34) , which is too fast to capture with camera-based acquisition rates. The exchange rates of paxillin (1-10 s
À1
) were estimated previously by TIRF temporal correlation (35) , and we set the streaming acquisition camera exposure time to 100 ms. This exposure time also averages out the fluctuations generated by rapid, microsecond-scale fluorophore blinking. Results obtained by the fluorescence recovery after photobleaching technique and ccN&B experiments with different frame rates intervals or integration times verified that the parameters used are appropriate for detecting complexes at nascent adhesions (data not shown). For quantitative determinations, we calibrated brightness with the use of fluorophore-tagged GAP proteins, which corrects for effects on brightness due to blinking or maturation differences.
Two-color ccRICS
We performed ccRICS as described previously (27) (see Supporting Material). Protein diffusion measured in living cells is influenced by the presence of organelles, cytoskeletal elements, and other features, and thus may not represent free diffusion as characterized by Brownian motion. In this study, the RICS fits were not obtained with equations that describe anomalous diffusion; therefore, the obtained diffusion coefficient is termed the apparent diffusion coefficient. For RICS fitting, the G(0,0) term and the first two correlation data points in the x-direction were omitted from the analysis because of shot noise and analog detector effects. This approach also effectively removes contributions from rapid, short fluctuations of fluorophore blinking that occurs in the time regime of the pixel dwell time (microseconds) and fits only the diffusion component, which is mainly influenced by the time regime of the line scan (milliseconds) (27, 34) .
RESULTS
Paxillin tyrosine phosphorylation increases the rate of nascent adhesion assembly
Previous studies reported that adhesions in protrusions contain phosphorylated FAK (Y397) and paxillin (S273, Y31, and Y118), which are proposed to serve as signaling platforms for regulation of the Rho GTPases that control adhesion and protrusion (22, 23, 36) . The functionality of these phosphorylation sites is supported by the effects of phosphomimetic or inhibiting mutants. With paxillin, for example, phosphomimetic mutations change the adhesion dynamics and the protrusion frequency (23) . Although these global effects are striking, their effects on nascent adhesions, which serve as precursors for lamellipodial-derived adhesions, are not known. Nascent adhesions form in lamellipodia, and at the boundary of the lamellipodium and the lamellum, they either turn over or elongate and mature when the protrusion is active or halted, respectively (6) .
As shown in Fig. 1 A, we found that paxillin-EGFP localized to the nascent adhesions in protrusions of CHO.K1 cells. We then investigated the effects of paxillin phosphomimetic (Y31E-Y118E) or nonphosphorylatable (Y31F-Y118F) mutants on the probability of adhesion elongation. As the protrusions stopped, we counted the fraction of adhesions that underwent centripetal elongation and quantified their density along the periphery. Cells overexpressing the paxillin Y31F-Y118F mutant showed a significantly increased fraction of elongating adhesions: 5.2 5 1.5 nascent adhesions per 10 mm of the leading edge underwent maturation (Fig. 1 B) . In contrast, 2.5 5 0.5 nascent adhesions expressing wild-type paxillin elongated, and the fraction decreased somewhat to 1.9 5 0.9 for the paxillin Y31E-Y118E mutant. These observations are in accord with a previous finding that paxillin Y31F-Y118F promotes stable adhesions with large actin bundles (23) , and suggest that unphosphorylated paxillin promotes adhesion maturation and suppresses nascent adhesion turnover.
The mutants also showed differences in nascent adhesion assembly and disassembly rates (Fig. 1 C) , which we quantified by measuring the fluorescence intensity of paxillin Biophysical Journal 100(3) 583-592 (see Supporting Material) (6, 14) . Although the Y31F-Y118F mutant had fewer protrusions per cell, the adhesions assembled and turned over in the few active protrusions. The rates of assembly and disassembly of the nascent adhesions containing wild-type paxillin were 1.17 5 0.08 min À1 and 0.95 5 0.13 min À1 , respectively. The Y31E-Y118E mutant induced faster protrusions with an increased assembly rate of 2.14 5 0.16 min À1 . The assembly rate of nascent adhesions containing the Y31F-Y118F mutant was 0.93 5 0.07 min À1 , which is comparable to that of the wild-type.
Effect of tyrosine phosphorylation on paxillin-FAK interaction in nascent adhesions
The turnover and elongation data confirm and extend to nascent adhesions the earlier observation that paxillin phosphorylation regulates adhesion maturation. Recently, tyrosine phosphorylation of Y31 and Y118 of purified paxillin was reported to regulate its binding to FAK in vitro (23) . However, it is unknown whether phosphorylation affects paxillin and FAK interactions in living cells, and when and where they interact. To investigate this, we used TIRF ccN&B to analyze the paxillin-FAK dynamics in nascent adhesions by expressing EGFP-tagged phosphomimetic or nonphosphorylatable paxillin mutants with mCherry-FAK. Before analyzing the interactions with paxillin, we first tested and validated the TIRF ccN&B technique with positive and negative controls. For the positive control we used mCherry-paxillin-mEGFP (C-paxillin-G), which emits two colors per protein. Because the fluorescence fluctuations in both GFP and mCherry channels originate from the same protein, the dual-color C-paxillin-G is a de facto positive control for the cross-variance analysis. Cells expressing C-paxillin-G exhibited a wild-type phenotype, and the protein localized normally to dynamic nascent adhesions as well as to mature adhesions (Fig. S2 A) . Although the two fluorescent molecules reside on the same protein, excitation with 488 nm showed <3% FRET efficiency in the mCherry emission channel, suggesting that they reside at a distance outside the Forster radius (see Supporting Material). In addition, we used C-paxillin-G to set the 488 nm and 568 nm laser levels to match the intensities in the GFP and mCherry channels. We used this configuration for ccN&B experiments to analyze cells that expressed similar amounts of fluorophore-tagged paxillin and FAK. Fig. 2 A shows the cross-brightness histograms (B cc ) of C-paxillin-G. These 2D histograms graphically show the pixels with protein-protein interactions in a given dualchannel TIRF micrograph stack. The TIRF images were stream-acquired at an exposure time of 100 ms and analyzed in 30 s segments that contained adhesions undergoing rapid assembly or disassembly near the leading edge as the protrusion extended outward. The B cc histograms show two distinct distributions of points. The large distribution near zero corresponds to the background noise and the cytosolic component of C-paxillin-G. The diffusion of cytosolic proteins was too fast to sample accurately with an EMCCD camera, and therefore did not produce detectable variance. The molecular dynamics at adhesions arises from molecules exchange in a binding equilibrium (35) , which occurs much more slowly than cytosolic diffusion. The presence of positive points in the B cc histograms shows that the fluctuations in channels 1 and 2 produced cross-variance. When we selected distributions of these points with positive B cc -values using identical rectangular regions of interest (ROIs) in the two B cc histograms, only the common pixels in both ROIs were highlighted, and they corresponded to nascent adhesions in For the negative control, we used cells coexpressing GAPmEGFP and GAP-mCherry, which are not known to form complexes. Both GAP proteins are distributed homogeneously in the plasma membrane of CHO.K1 cells. To obtain a histogram for each channel, we calculated the histogram of crossvariance (s 2 cc ) versus B1 (GFP channel) and B2 (mCherry channel), respectively. The symmetric distribution of pixels around the horizontal axis near the origin (Fig. S2 B) indicates no detectable complexes of GAP-mEGFP and GAP-mCherry (28) . The lack of positive interaction also shows that any fractional fluorescence bleed-through present in the acquisition system did not produce an artificial cross-variance (see Supporting Material). Thus, although both GAPs visually appeared to reside in the same cellular space, their dynamics were independent.
We first examined the interaction between paxillin and FAK by expressing wild-type paxillin and FAK. The B cc histogram for paxillin-EGFP and mCherry-FAK shows a subset of positive pixels that correspond to nascent adhesions, revealing that these proteins reside in molecular complexes (Fig. 2 B) . Nascent adhesions exhibit similar physical attributes (6) , and the brightness values were distributed uniformly across them. The wild-type paxillin consisted of an average of 3.6 monomers in these complexes (avg. B ¼ 1.9), which was comparable to the values obtained using C-paxillin-G (3.8 and 3.6 monomers for channels 1 and 2, respectively). Thus, paxillin appears to exchange with nascent adhesions as tetrameric complexes. FAK showed an average of 4.0 monomers in these complexes (avg. B ¼ 2.0), which indicates that paxillin and FAK bind or interact with each other in a 1:1 ratio and form tetrameric aggregates in nascent adhesions. The average monomers measured in the complex were relative, not absolute, because there was endogenous as well as ectopically expressed protein. However, the paxillin-EGFP and mCherry-FAK proteins were overexpressed 2-3 times the endogenous level and at comparable levels to each other. Furthermore, our measurements were independent of cellto-cell overexpression variability, which suggests that the values are similar to endogenous values. In the B cc histograms, the distribution of aggregates was small, and the highlighted pixels localized uniformly in nascent adhesions along the leading edge. In addition, paxillin and FAK maintained this multimeric configuration as the adhesions exhibited rapid dynamics in the leading edge. This suggests that the paxillin-FAK interaction is relatively homogeneous in nascent adhesions, and the degree of their clustering does not change significantly during their transient lifetime.
To determine whether paxillin phosphorylation regulates the clustering with FAK in nascent adhesions and modulates protrusion and turnover rates, we expressed EGFP-tagged paxillin phosphomimetic (paxillin Y31E-Y118E) or nonphosphorylated (paxillin Y31F-Y118F) mutants along with mCherry-FAK (11) . The ccN&B analysis showed that, similar to the wild-type, paxillin Y31E-Y118E and FAK formed dynamic complexes within nascent adhesions during protrusion (Fig. 3 A) . Interestingly, the selection of the positive cross-variance pixels in the B cc histograms reveals that the degree of paxillin-FAK interaction increased. Specifically, the pixels contained an average of 5.6 monomers (avg. B ¼ 2.41) and 5.8 monomers (avg. B ¼ 2.51) of paxillin Y31E-Y118E and FAK, respectively, indicating that tyrosine phosphorylation of paxillin results in larger paxillin-FAK complexes. The nascent adhesions in these cells exhibited robust, rapid turnover (see previous section), and the molecular aggregation of the proteins remained high during active protrusion as well as when the adhesions stabilized. This suggests that the adhesion dynamics at both the leading edge and the protrusions reflects the size of the paxillin-FAK complexes and is enhanced by elevated paxillin Y31-Y118 phosphorylation.
In contrast, expression of paxillin-EGFP Y31F-Y118F with mCherry-FAK showed a reduced interaction. The pixels corresponding to the paxillin-FAK complexes decreased in number, and they were distributed only sporadically in nascent adhesions along the leading edge (Fig. 3 B) . For the few adhesions that contained pixels with cross-correlation, the B cc histograms show an average of 2.4 paxillin Y31F-Y118F monomers (avg. B ¼ 1.59) and 3.3 FAK monomers (avg. B ¼ 1.85) clustered in the complexes. For paxillin, this is nearly twofold less than that obtained for the phosphomimetic mutant, indicating that inhibiting tyrosine phosphorylation on paxillin suppresses complex formation with FAK. As noted above, this also leads to slower adhesion turnover rates and a higher probability of adhesion maturation. The average aggregate size of FAK in these complexes also decreased to a level below that of the wild-type. Interestingly, we observed that both fluorescent proteins localized to nascent adhesions, but the decrease in the number of paxillin and FAK molecules detected in complexes was inferred only by ccN&B and was not apparent from the raw TIRF micrographs. Taken together, these findings demonstrate the high sensitivity of the TIRF ccN&B analysis for detecting and quantifying intermolecular interactions in small, transient cellular structures such as nascent adhesions.
Tyrosine phosphorylation mediates paxillin-FAK interactions in the cytosol
The differential interactions between paxillin and FAK in nascent adhesions showed that the proteins form complexes when Y31 andY118 are phosphorylated. Therefore, we sought to determine whether paxillin and FAK reside as preformed complexes outside of adhesions (i.e., in the cytosol) or their interaction is regulated by the same phosphorylation. To do this, we used ccRICS.
Positive and negative control experiments were done to verify the accuracy of ccRICS and establish optimal settings (see Supporting Material). Next, we investigated the presence of paxillin-FAK complexes in the cytosol using cells expressing wild-type paxillin-EGFP and mCherry-FAK. We imaged the cells in two separate channels simultaneously, and cross-correlated the intensity fluctuations after applying an MAV, high-pass filter (MAV ¼ 10 frames; 11.55 s) to remove any contributions from slow molecular exchange at adhesions and immobile molecules and thereby focus the analysis only on the rapidly diffusing components (27) (this is an issue only for adhesion components, not for the free fluorophores). Because endogenous paxillin and FAK in CHO.K1 cells can bind to transfected proteins, the cross-correlations are likely to be underestimated. To minimize this, we overexpressed the fluorophore-tagged proteins 2-3 times the endogenous level, based on Western blots. Fig. 4 A shows the elongated, single-channel RICS autocorrelation functions for paxillin and FAK. This is a signature of molecules moving rapidly relative to the time of the raster scan (27, 37) , and shows that the proteins are diffusing rapidly in the cytosol. When their fluctuations were analyzed by ccRICS, no significant cross-correlation was detected (Table 1) . A few cells showed a small, round function that likely was generated by macroscopic molecular motions (e.g., vesicles) that were not removed by the high-pass filter, rather than by interactions between freely diffusing molecules. This finding was supported by the low cross-correlation index (ratio of ccRICS and RICS amplitudes, G cc /avg(G 1 , G 2 )), which was comparable to that of the the negative controls (0.16; see Supporting Material). Taken together, the ccRICS data show that wild-type paxillin and FAK molecules diffuse as independent species in the cytosol. Moreover, the lack of cytosolic interaction suggests that paxillin does not form preformed complexes with FAK before entering adhesions.
Next, we sought to determine whether the phosphorylation of paxillin on Y31-Y118 regulates interactions with FAK in the cytosol (Table 1) . We first expressed EGFP-tagged paxillin Y31F-Y118F. The cross-correlation indices were comparable to that of the wild-type and revealed little, if any, cross-correlation with FAK-mCherry (Fig. 4 B) . In contrast, the phosphomimetic mutant paxillin Y31E-Y118E and FAK exhibited a high cross-correlation (Fig. 4 C) . The cross-correlation index ranged from 0.65 to 0.87, which shows that the majority of the phosphomimetic cytosolic paxillin was in a complex with FAK. Interestingly, the average apparent diffusion coefficient of the complexes was 1.41 mm 2 s À1 , which is lower than the dynamics of individual species and agrees with the Stokes-Einstein relationship (the diffusion coefficients of paxillin Y31E-Y118E and FAK are 2.18 mm 2 s À1 and 2.07 mm 2 s À1 , respectively). Taken together, the ccRICS data show that phosphorylation of Y31 and Y118 directly regulates the binding of paxillin and FAK that is diffusing in the cytosol. In wild-type cells, tyrosine phosphorylation does not appear to persist outside of adhesions, since interactions between the wild-type and the nonphosphorylatable paxillin are detected in the cytosol.
DISCUSSION
In this study, we applied a novel TIRF-based, two-color N&B analysis and a complementary LSCM ccRICS analysis to investigate the molecular interactions between paxillin and FAK in nascent adhesions and the cytosol. These two methods can be used to analyze the simultaneous Biophysical Journal 100(3) 583-592 fluctuations of fluorescence intensity from dual-color image sequences to determine whether, when, and where paxillin and FAK interact in living cells. By combining TIRF imaging with the high sensitivity of an EMCCD camera, we were able to capture dynamic molecular exchange at nascent adhesions within individual pixels. The rapid acquisition speed of the EMCCD camera also enables one to analyze relatively short segments of a given image time series (as few as 50 frames (30), or 300 frames over 30 s in this study), and this was used to extract protein aggregation in small, transient nascent adhesions that are detectable for only about a minute. Unlike FRET, the ccN&B analysis does not require that molecules reside within a small, defined radius; instead, it detects dynamic cofluctuations due to residence in a common molecular complex. It also quantifies the size of molecular aggregation via monomer calibration. However, similarly to FRET, cofluctuation analyses do not distinguish direct from indirect interactions through one or more mutual intermediary binding partners.
The ccN&B analysis revealed that paxillin and FAK reside in a discrete complex of tetramers in a 1:1 stoichiometry in nascent adhesions. The detection of paxillin-FAK interactions supports previous findings from in vitro coimmunoprecipitation studies (23, 38) ; however, ccN&B further offers a quantitative, direct measure of intermolecular clustering as the proteins are recruited to adhesions in protrusions. The 1:1 ratio is maintained during the adhesion lifetime, indicating that the interaction is stable in nascent adhesions. As noted in the Results, the fluorescent proteins were overexpressed~2-3 fold (high enough to reduce the endogenous contribution by 50-70%), and therefore the measured number of molecules in these complexes is relative, not absolute. However, the interactions were largely independent of cell-to-cell expression levels (i.e., the relative fluorescence intensity in adhesions), suggesting that they are close to endogenous levels and that the molecular interaction is not affected by overexpression.
The ccN&B analysis also showed the quantitative effects of tyrosine phosphorylation paxillin on its interaction with FAK in nascent adhesions. Tyrosine phosphorylation on paxillin Y31 and Y118 directly increases the size of paxillin and FAK complexes from tetramers to hexamers in adhesions. In contrast, inhibiting the tyrosine phosphorylation results in few cross-correlating pixels, and those that do cross-correlate are in smaller complexes, deviate from a 1:1 stoichiometry, and contain dimers of the unphosphorylated paxillin and trimers of FAK. Interestingly, the fact that paxillin and FAK reside in a complex even when Y31 and Y118 are unphosphorylated suggests the presence of alternative binding sites or, more likely, an intermediary binding protein. In any case, our in vivo data agree with a recent study that examined the role of Y31 and Y118 Table 1 . Scale bar: 10 mm.
Biophysical Journal 100(3) 583-592 phosphorylation in FAK binding to paxillin in vitro using GST pull-downs (23) .
We previously reported that canonical adhesion molecules enter and leave nascent adhesions at comparable rates (6) , which suggests that paxillin and FAK may be recruited to adhesions as preformed complexes. However, in this work we observed few if any preformed complexes in the cytosol. Our observation that paxillin and FAK had a detectable association in the cytosol only when Y31 and Y118 were (pseudo) phosphorylated has important implications. On the one hand, it shows the importance of these phosphorylation sites for FAK and paxillin interactions. It also suggests that paxillin Y31 and Y118 enter adhesions independently, are phosphorylated locally within adhesions, and then exchange off as complexes and rapidly dissociate. This agrees with previous two-color fluctuation studies on very large, disassembling adhesions, which showed the release of large complexes that resided briefly in the immediate vicinity of adhesions (27, 28) , presumably due to the rapid dissociation of the molecules. Finally, the smaller and less abundant residual complexes seen for paxillin Y31F-Y118F in adhesions likely reflects the contributions of indirect interactions rather than a direct interaction through this set of phosphorylation sites.
Paxillin and FAK are central to adhesion-mediated signaling pathways that regulate adhesion and protrusion by organizing complexes that regulate Rho GTPase signaling (14) (15) (16) (21) (22) (23) . Previous results from biochemical assays suggest that FAK is recruited to adhesions via binding to the LD2 and LD4 motifs of paxillin (16, 39) , and induces phosphorylation of paxillin Y31 and Y118 in an Src-dependent manner (15) . This phosphorylation allows Crk and Cas to bind to the tyrosine sites (40, 41) and recruit the DOCK180-ELMO GEF complex to activate Rac (42) . Activated Rac is well known to regulate actin-driven protrusions (43, 44) , which in turn dictate nascent adhesion dynamics (6) . Thus, it appears that paxillin-FAK interactions in adhesions lead to paxillin phosphorylation and the formation of a large signaling scaffold that leads to Rac activation, which in turn leads to enhanced protrusion formation of new adhesions near the leading edge.
The ccN&B analysis developed in this study extends existing variance-based techniques (28, 30, 31) to the TIRF imaging modality, which is key for studying small, dynamic adhesions. Unlike conventional epifluorescent microscopy or even confocal imaging, TIRF microscopy selectively excites a small volume that is only~100 nm from the substratum. This offers several advantages: First, one can obtain intensity fluctuation measurements of paxillin and FAK in nascent adhesions, which are not readily visible with conventional microscopy due to background and cytosolic fluorescence, which can produce spurious fluctuations that affect the variance calculation. Second, TIRF causes minimal photodamage to cells during both long-term and high-intensity, streaming, live-cell imaging. Third, rapidly diffusing molecules traverse the small evanescent field quickly and do not contribute to the variance.
In summary, our study demonstrates the power of dualcolor fluorescent spectroscopy techniques for detecting protein interactions in living cells, and reveals the large effect of tyrosine phosphorylation status on paxillin Y31-Y118. Specifically, we used a novel (to our knowledge) TIRF microscopy-based ccN&B method to detect discrete complexes of paxillin-FAK and quantify the molecular aggregation in nascent adhesions. By examining protein associations both at adhesions and in the cytosol, we found that phosphorylation of Y31 and Y118 could induce and enhance the formation of the complex; however, it was normally localized to the assembling adhesion and not outside of it. These direct in vivo measurements show that nascent adhesions serve as major signaling hubs that promote specific signaling events and physical protein interactions to regulate adhesion and protrusion.
SUPPORTING MATERIAL
Additional text, equations, references, and three figures are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(10)05292-6. Values from fitted RICS functions. G is the G(0,0) of correlation functions, and D is the apparent diffusion coefficient in the cytosol. Subscript indices 1, 2, and cc refer to channel 1, channel 2, and the cross-correlation between the two channels, respectively.
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